Hydroxylated polycyclic aromatic hydrocarbons (PAHs-OH) are one group of such substituted PAHs. PAHs-OH are known to be metabolites of PAHs, and commonly used to assess human exposure to PAHs from atmospheric air. 8, 9 Recently, PAHs-OH have been focused on their possible toxicity on human health. PAHs-OH showed greater cytotoxicity than the parent PAHs. 10 Furthermore, PAHs-OH are known to be bound to an estrogen receptor, and have estrogenic and antiestrogenic activities. [11] [12] [13] Therefore, a sensitive and reliable method is necessary for monitoring of their concentrations in atmospheric air as well as in biological fluids.
Some researchers have attempted to determine PAHs-OH in airborne particulates by gas chromatography (GC) with mass spectrometry 14 and high-performance liquid chromatography (HPLC) with electrochemical detection (ECD). 15 These studies reported the existence of 2-nitro-1-naphthol and 9-hydroxyfluorenone at concentrations of 0.21 ng/m 3 and 5 -75 pg/m 3 , respectively. The GC method requires the derivatization of PAHs-OH to convert them to volatile forms. The derivatization procedure complicates the analytical method, and is also susceptible to contamination and the loss of analytes. Although the HPLC-ECD method is simple, its sensitivity is not sufficient to determine the trace levels of PAHs-OH in airborne particulates.
Our main objective in this study was to establish a simple and sensitive analytical method for PAHs-OH in airborne particulates. 2-Naphthol (2-NPH), 1-naphthol (1-NPH), 2-hydroxydibenzofuran (HDF), 2-hydroxyfluorene (HFL), 9-hydroxyphenanthrene (HPH) and 1-hydroxypyrene (HPY) were selected as analytes because their parent PAHs were relatively abundant in airborne particulates. 16 The proposed method consisted of the ultrasonic extraction of PAHs-OH from airborne particulates, solid-phase extraction with an aminopropylsilica (APS) cartridge and subsequent chromatographic analysis by RP-HPLC with fluorescence detection.
PAHs-OH were detected by their natural fluorescence. The method was successfully applied to the determination of PAHs-OH in airborne particulates. An HPLC measurement with a multi-wavelength fluorescence detector was also performed to identify PAHs-OH detected on airborne particulates.
Experimental
Chemicals 1-NPH, 2-NPH and acetonitrile of HPLC grade were purchased from Wako Pure Chemicals (Osaka, Japan). HDF, HFL, HPH and HPY were purchased from Aldrich Chemicals (Milwaukee, WI, USA). 2-Hydroxy-1-acetonaphthone as an internal standard (IS) was obtained from Tokyo Kasei Kogyo (Tokyo, Japan). BondElut ® NH2 (Varian, Harbor City, CA, USA) packed with 500 mg of APS was used for solid phase extraction. Purified water was prepared by a Simpli Lab UV (Millipore, Molsheim, France). The other chemicals were of analytical reagent grade.
Apparatus
The HPLC system consisted of an HPLC pump (LC-10AS, Shimadzu, Kyoto, Japan), a Shimadzu RF-10AxL fluorescence detector, a 7125 injector with a 20-µl loop (Rheodyne, Cotati, CA, USA), a CH-100 column oven (Nichikaki, Tokyo, Japan) and a Shimadzu C-R7A integrator. Chromatographic separation was carried out on a Daisopak-ODS-AP column (250 × 4.6 mm, Daiso Chemical, Osaka, Japan). The temperature of the column oven was set at 35˚C. PAHs-OH were isocratically separated with a mixture of acetonitrile-5 mM sodium acetate buffer (pH 4.0) (= 42:58 v/v) as a mobile phase at a flow rate of 1.0 ml/min. An Agilent 1100 Series fluorescence detector (Hewlett Packard, Waldbronn, Germany) connected to a chemistation computer system was used for multi-wavelength fluorescence detection. The detection program for the determination of individual PAHs-OH is shown in Table 1 .
Sampling and assay procedure
Sampling of airborne particulates was carried out at the main avenue of Nagasaki city. Airborne particulates were collected on a QR-100 silica-fiber paper (Advantec Toyo, Tokyo, Japan) for 24 h at a flow rate of 1200 l/min by a Model No. 120 FT type high-volume air sampler (Kimoto Electro. Kogyo, Osaka, Japan). After collection, the filters were stored in a refrigerator at -20˚C until analysis. After 10 µl of an IS solution (0.5 M) was added to the filter (4 × 5 cm), it was cut into small pieces and extracted ultrasonically with 40 ml of ethanol for 15 min. The extract obtained after filtration was evaporated to dryness by a rotary evaporator.
The residue was dissolved in 1 ml of ethanol and used for solid-phase extraction as follows. The ethanol solution was applied to BondElut ® NH2, which was previously conditioned with 3 ml of ethanol. The adsorbed PAHs-OH was eluted with 1 ml of a mixture of ethanol-H2O (= 75:25, v/v) and passed through a membrane filter (0.45 µm). An aliquot of 20 µl of this solution was injected into the HPLC system.
Results and Discussion

Optimization of extraction conditions
To examine the efficiency of the extraction step with ethanol, the extractability of PAHs-OH was determined using airborne particulates spiked with standard PAHs-OH. In a preliminary study, extraction by ultrasonication was examined with methanol, ethanol, acetonitrile, hexane, acetone and ethyl acetate. Among them, the maximum extractability was obtained with ethanol. The effect of the sonication time on the extractability was studied by adding 40 ml of ethanol to airborne particulates (Fig. 1) . A constant and maximum extractability was achieved by a sonication time >10 min; the chosen sonication time was 15 min. Since an additional extraction with another 40 ml of ethanol did not improve the extractability of PAHs-OH, the number of extractions was set at once.
When the extract was directly injected into HPLC, PAHs-OH could not be determined owing to the existence of many interfering peaks. Therefore, the solid phase extraction (SPE) treatment was adopted to diminish the interfering peaks. Six types of SPE cartridges were evaluated [i.e. Tosoh TOYOPAK ODS-M (packed with 500 mg of ODS), BondElut ® C8 (packed with 500 mg of octylsilica), BondElut ® SI (packed with 500 mg of silica), BondElut ® PH (packed with 100 mg of phenylsilica), BondElut ® CH (packed with 500 mg of cyclohexylsilica) and BondElut ® NH2 (packed with 500 mg of APS)]. 2-NPH, 1-NPH, HDF and HFL were not completely separated from interfering compounds after treating with BondElut ® SI. HPY and IS gave weak peaks in the chromatogram obtained with TOYOPAK ODS-M, BondElut ® C8, BondElut ® PH and BondElut ® CH. Among the cartridges examined, BondElut ® NH2 was most effectively extracted the PAHs-OH and reduced the interfering peaks in the chromatogram, and was thus selected.
Calibration curves, detection limits and reproducibilities
Calibration curves were prepared for airborne particulates that were spiked with standard PAHs-OH. Table 2 lists the calibration curves, calibration ranges and detection limits. Good linearities were obtained between the peak-height ratios and the concentrations. The detection limits obtained for the standard compounds ranged from 6.3 to 200 fmol/injection at a signal-to-noise ratio of 3. The sensitivity of the proposed method for HPH was 10-times higher than that of the HPLC-ECD method. 15 Intra-and inter-day variation data of the proposed method are shown in Table 3 . The relative standard deviation (RSD, %) in intra-day precision studies (n = 3) ranged from 0.9 to 3.9%. The recoveries, which were calculated by using the observed and spiked data for PAHs-OH, ranged from 91 to 103%. Interday precision studies also gave satisfactory reproducibilities (1.3 -4.8%), although they were slightly worse than those obtained by the intra-day precision studies.
Determination of PAHs-OH in airborne particulates
The proposed method was applied to the determination of PAHs-OH in airborne particulates that were collected over a year from June 1997 to May 1998. Figure 2 represents typical chromatograms obtained for the extracts from airborne particulates and airborne particulates spiked with standard PAHs-OH. In this study, the dominant peaks of HFL, HPH and HPY were observed in the chromatogram for extract from the airborne particulates, where HDF and 1-NPH appeared as minor peaks. 2-NPH could not be found in the examined samples.
In order to confirm each peak in the chromatogram for the extract from airborne particulates eluted at the same retention time of the corresponding standard PAHs-OH, the excitation and emission spectra of each peak were measured using a multiwavelength fluorescence spectrophotometer. As shown in Figs.  3 and 4 , the excitation and emission spectra for the peak, which were suspected as being HFL and HPY, were in good agreement with those obtained from the standard solutions (similarity > 97%). HFL and HPY were also quantified using a different mobile-phase condition Table 2 Calibration curves, calibration ranges and detection limits for spiked airborne particulates a. x = concentration of analyte compound (pmol/injection); y = (peak height of analyte compound)/(peak height of internal standard). described in the experimental section. Thus, the presence of HFL and HPY was clearly confirmed in airborne particulates.
The levels of 1-NPH and HDF were not sufficient to confirm their presence in airborne particulates by fluorescence spectrometric analysis. In the case of HPH, the emission spectrum for the extract from airborne particulates was not completely matched for that of the standard HPH; HPH might be still co-eluted with interfering compounds. HFL and HPY were detected for all samples. The average concentrations (mean ± SD, pg/m 3 ) of HFL and HPY in airborne particulates (n = 12) were 10.40 ± 10.71 and 21.48 ± 14.97, respectively. The present study revealed the existence of HFL and HPY as well as their concentration in airborne particulates for the first time. In our previous study, the average concentrations of fluorene and pyrene, which are considered to be the parent compounds of HFL and HPY, were reported as 0.16 and 0.23 ng/m 3 , respectively. 16 The concentrations of HFL and HPY were about 10-times lower than those of fluorene and pyrene.
The seasonal variation of the concentrations of HFL and HPY is presented in Fig. 5 . These results indicate that the PAHs-OH levels during the winter were apparently higher than those during the summer. A similar seasonal variation was also observed in the case of PAHs. 16, 17 Therefore, PAHs-OH may behave in a similar manner to PAHs in atmospheric air.
Conclusion
A highly sensitive and selective HPLC method was developed for the determination of PAHs-OH in airborne particulates. In this study, HFL and HPY were identified on airborne particulates for the first time, and their concentrations were 3.82 -48.56 and 5.97 -63.25 pg/m 3 , respectively. The proposed method is applicable to the monitoring of HFL and HPY in airborne particulates. However, the existences of 2-NPH, 1-NPH, HDF and HPH in airborne particulates could not be elucidated in this study, and thus further studies of HPLC separation and extraction procedure are required to identify and determine such PAHs-OH.
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